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ABSTRACT

Micro-patterned diamond has been investigated for numerous applications, such as biomimetic surfaces, elec-
trodes for cell stimulation and energy storage, photonic structures, imprint lithography, and others. Controlled
patterning of diamond substrates and moulds typically requires lithography-based top-down processing, which is
costly and complex. In this work, we introduce an alternative, cleanroom-free approach consisting of the bottom-
up growth of nanocrystalline diamond (NCD) micropillar arrays by chemical vapour deposition (CVD) using a
commercial porous Si membrane as a template. Conformal pillars of ~4.7 um in height and ~2.2 ym in width
were achieved after a maximum growth time of 9 h by hot-filament CVD (2% CH, in H,, 725 °C at 10 mbar). In
order to demonstrate one of many possible applications, micropillar arrays grown for 6 h, with ~2 pm in height,
were evaluated as moulds for imprint lithography by replication onto hard cyclic olefin copolymer (COC) and
onto soft polydimethylsiloxane (PDMS) elastomer. The results showed preserved mechanical integrity of the
diamond moulds after replication, as well as full pattern transfer onto the two polymers, with matching di-
mensions between the grown pillars and the replicated holes. Prior surface treatment of the diamond mould was
not required for releasing the PDMS replica, whereas the functionalisation of the diamond surface with a per-
fluorododecyltrichlorosilane (FDDTS) anti-stiction layer was necessary for the successful release of the COC
replica from the mould. In summary, this paper presents an alternative and facile route for the fabrication of
diamond micropillar arrays and functional micro-textured surfaces.

1. Introduction

periodic surface structures by laser for the creation of photonic struc-
tures [14] and enhanced electrodes [15], the combination of diamond

Diamond is a material with desirable mechanical and chemical
properties for biomimetic structures [1-3], (bio)electrochemistry [4],
imprint lithography [5] and other applications, due to its high Young's
modulus (up to ~10°Nmm~2), high thermal conductivity
(> 2000 Wm ™' K™1) [4], low thermal expansion coefficient (10 K ~*
at 300K) [6], low coefficient of friction [7], non-toxicity, and versatile
surface chemistry. Many of those applications require patterning of the
diamond surface into regular functional structures, such as nanowires
[8,9], micro/nanopillars, microchannels [10] and pads [11], which are
normally achieved by multistep lithography (photo-, e-beam, focused
ion beam) and/or etching processes [12,13]. For this reason, new fab-
rication routes aimed at reducing complexity and cost have been in-
creasingly investigated. These include, for example, the formation of

* The authors declare no competing financial interest.
* Corresponding authors.

with foreign scaffold materials to enhance the surface area in electrode
[16], biosensing [17] and field-emission [18] applications, the selective
seeding of diamond nanoparticles through micropipetting [19], inkjet
printing [20,21] and surface functionalisation [22], and the use of
porous alumina templates [23,24] for the bottom-up growth of dia-
mond micro/nanostructures.

The latter approach is attractive, since it shifts the need for pat-
terning to materials which are easier to process and which enjoy a more
mature and well-established industry. An obvious material candidate
for that purpose is anodised aluminium oxide (AAO), which has been
previously applied as etching masks for the fabrication of porous dia-
mond membranes [23], as well as a template for growth of diamond
nanopillars [24]. However, the pore size of AAO is limited to the sub-
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micrometre range, the pore distribution lacks long-range order, and the
membranes can be an undesired source of contaminants, such as Al and
chemical residuals from the anodising process, into the chemical va-
pour deposition (CVD) chamber. Silicon, on the other hand, can be
micropatterned on an industrial scale and does not have the drawbacks
of AAO. For those reasons, we devoted this work to the study of bottom-
up growth of diamond micropillars utilising commercially available,
pre-patterned silicon templates. The resulting diamond microstructures
were employed as moulds for imprint lithography to demonstrate one of
many possible applications.

Micro-/nanoimprint lithography is a high-throughput, high-resolu-
tion, and low-cost contact patterning method used to create micro-
fluidic devices and optical components, and to overcome resolution
limits with photolithography [25]. The surface pattern of a mould is
replicated onto a thermoplastic material or onto a resist by mechanical
contact and three-dimensional material displacement. The moulds can
be exposed to elevated pressures and temperatures and need to be used
repeatedly and reproducibly. Diamond is an attractive material for
imprint lithography moulds, due to its high hardness, high thermal
conductivity, low thermal expansion coefficient, chemical inertness and
wear resistance. Up until now, diamond stamps were fabricated using
single crystal or polished CVD diamond, which are micro-structured by
focused ion beam, reactive ion etching or e-beam lithography, where
scalability and cost are an issue [5,26-28]. Thus, template-based
bottom-up growth of diamond microstructures may enable the pro-
duction of diamond moulds on wafer scale and help bring costs down.

In this work, we show the steps towards the successful fabrication of
nanocrystalline diamond micro-pillar arrays on silicon and their re-
plication onto two different polymers: cyclic olefin copolymer (COC)
developed by TOPAS®, and polydimethylsiloxane (PDMS), which are
important materials for the fabrication of microfluidic, lab-on-chip and
biosensing devices [29,30]. The mould replication onto COC was per-
formed by hot-embossing at high pressure and temperature, while the
replication onto PDMS was carried out at ambient conditions. The
pattern transfer was analysed by a combination of 3D optical profilo-
metry and scanning electron microscopy (SEM).

2. Experimental
2.1. Diamond micropillar growth

Fig. 1 illustrates the fabrication steps of the diamond micropillar
master mould. In a first step, 1) a ~1.5 X 1.5 cm? piece of bare silicon
wafer of 0.4mm thickness (with native oxide) was spin-seeded with
detonation nanodiamond particles, according to the procedure de-
scribed elsewhere [31]. Then, 2) the seeded wafer was loaded into a
home-built hot-filament chemical vapour deposition (HFCVD) chamber
for the growth of a thin layer of nanocrystalline diamond (NCD) of
~0.2um thickness for 15 min, performed at our standard conditions:
725 °C, 10 mbar, with 6 sccm CH4 and 300 sccm H,. Subsequently, 3) a
porous Si membrane (1 X 1cm? ~17um thick, with square
~2.5 x 2.5 um? pores arranged in a hexagonal pattern with ~4.2 um
pitch) from SmartMembranes GmbH, Germany, was placed onto the
grown NCD layer, and supported at the corners with additional pieces
of Si. 4) The Si/NCD/membrane wafer was then loaded into the HFCVD
chamber for further growth for up to 9 h. After that, 5) the membrane
was mechanically and chemically removed, in order to expose the
newly formed diamond micropillars. For short growth duration, before
mechanical interlocking between the pillars and the membrane holes
occurs, ultrasonication in acetone was sufficient to remove the mem-
brane. For longer growth duration, when the pillars are interlocked
with the membrane, only parts of the membrane can be pulled off
mechanically (e.g. with a tweezer). The chemical process was thus ne-
cessary to etch away the remaining pieces of the membrane, and con-
sisted of dipping the sample in a bath of concentrated, boiling KOH, for
a few minutes, until the membrane had been removed completely. The
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1) Spin seeding
Diamond seeds

2) Diamond growth
Diamond film

3) Membrane placement
Porous membrane

4) Diamond growth
Porous membrane

5) Membrane removal

Diamond pillars

Fig. 1. Fabrication steps of the diamond micropillar master mould.

process was completed with cleaning in a boiling concentrated mixture
of HCl + H,SO4 + HNO3, which removed remaining carbon deposits
and promoted the oxygenation of the diamond surface as a side-effect.
The samples were rinsed in deionised water as a final step.

2.2. Mould replication onto COC and PDMS

Fig. 2 illustrates the replica moulding procedures. Replication into
polydimethylsiloxane (PDMS) was achieved by casting a PDMS solution
(10 parts of elastomer to 1 part curing agent, w/w ratio) onto the
diamond master mould and letting it cure at 70-80 °C for at least 1 h.
After that, the PDMS replica was peeled off from the diamond mould
and further analysed. Mould replication onto cyclic olefin copolymer
(COC) was achieved by hot-embossing the diamond micropillar master
mould onto a 1 mm thick COC wafer, grade 6013 from TOPAS®, in an
EVG510 wafer bonder setup equipped for the purpose. The procedure
was performed in vacuum, with a load of ~2500 N applied for 8 min, at
170 °C (above the COC's glass transition temperature of 130 °C). After
this time, the sample was let cool down to room temperature, still under
load, and released thereafter. The COC was manually demoulded. In
order to facilitate the latter step and avoid breaking the thin silicon
wafer, the diamond micropillar master mould was previously coated
with a FDDTS anti-stiction layer, as described below.

2.3. 1H, 1H, 2H, 2H-Perfluorododecyltrichlorosilane (FDDTS) anti-stiction
layer

The diamond micropillar master moulds were coated with FDDTS
before hot-embossing into COC. The acid cleaning treatment described
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Fig. 2. Fabrication steps of the PDMS and COC mould replicas.

earlier produced the necessary oxygenation of the diamond surface for
the binding of the FDDTS molecules. 1H, 1H, 2H, 2H-
Perfluorododecyltrichlorosilane (97% purity) was obtained from
Sigma-Aldrich, and diluted in ethanol (1% w/w ratio). The moulds
were dipped into the solution and ultrasonicated for 30s, then left
resting for 30 min. After that, the moulds were taken out and ultra-
sonicated in ethanol for 30s, followed by baking at ~130°C on a hot
plate for 30 min.

2.4. Structure and morphology characterisation

Scanning electron microscopy (SEM) measurements were performed
with a JEOL JSM-6010LA scanning electron microscope, at 5keV and
secondary electron detector, and with a field-emission FEI Nova
NanoSEM 450 setup operating at 15 keV, with a high-resolution (im-
mersion mode) secondary electron detector. Raman spectroscopy
measurements were performed with a Horiba LabRAM HR setup,
equipped with an argon ion laser operating at 514 nm, and spectral
resolution of ~0.3cm™'. Height profile imaging of the patterned
samples was performed with a Bruker Contour GT-K 3D optical profil-
ometer operating at highest (100X ) magnification, with white light
illumination, and VXI mode for best accuracy.

3. Results and discussion
3.1. Template characterisation

Fig. 3 shows SEM micrographs of the porous silicon membrane used
as a template for the growth of diamond micropillars. Apart from
confirming the dimensions specified by the supplier (see Section 2.1
above), notable characteristics of the template were the bottleneck at
about ~1 pm depth into the pores, which is ~1.8 um wide, whereas the
overall pore diameter reaches up to 2.5 um. Fig. 3(c) shows how the
square pores morph into a more rounded shape along the depth of the
membrane.

22
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of the

Fig. 3. SEM micrographs porous silicon membrane from
SmartMembranes GmbH used to synthesise the NCD micropillars. (a) Tilted
surface. (b) Cross section. The flat front side faced the initial NCD layer for the
micropillar growth. (c) Backside. The nominal dimensions are: membrane size
of 1 x 1cm?, ~17 um thickness, pore diameter of up to ~2.5um and centroid
distance (pitch) of ~4.2 pm.

3.2. Diamond micropillars

Several diamond micropillar samples were produced, with different
growth durations from 3 to 9h. Before placing the Si template, a
~0.2 um thick NCD layer was grown in order to ensure a closed dia-
mond film at the bottom. The template was then placed onto it, with the
flat front side facing down, and the diamond growth was resumed. After
removing the template, the produced samples were imaged by SEM
(Fig. 4(a—c)) and analysed by Raman spectroscopy (Fig. 4(d)). The SEM
images show that diamond grows selectively into the pores of the
template, leading to very well-defined, uniform and well-aligned mi-
crostructures. As expected from the pore shape, the pillars evolved from
squares to rounded squares, and are narrow near the base, matching the
bottleneck inside the pores of the template shown in Fig. 3(b). Fig. 4(e)
shows an optical microscopy image of the sample surface with NCD
micropillars grown for 9h. The iridescent area at the centre corre-
sponds to two growth zones (as indicated by the numbers): (1) fully
grown pillars and (2) pillar height gradient. Outside the iridescent area,
in zone (3), the NCD layer grew flat. The reason for this variation is
explained in Fig. 5 below. The Raman spectrum of a random micropillar
after 6 h growth is compared in Fig. 4(d) with the spectrum measured
outside the template area (i.e. flat NCD layer), as indicated by the inset
SEM images. The combination of the well-known diamond one-phonon
line at 1333 cm ™! [32] with prominent D- and G-bands confirms that
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Fig. 4. (a—c) SEM micrographs of the tem-

Trans-polyacetylene
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Trans-polyacetylene

—— Pillar

plate-grown NCD micropillars after growth
for (a) 3h, (b) 6 h and (c) 9 h. Note how the
bottleneck inside the pores of the template
(Fig. 3(b)) shaped the base of the diamond
pillars after 6h. (d) Raman spectra (as-
measured) taken from the top of the mi-
cropillar (green curve) and from outside the
membrane/patterned area (black curve) for
comparison. (e) Optical microscopy image
of the 9h sample, showing distinct growth
zones indicated by the numbers (1-3). The
complete image corresponds to the
1 x 1 cm? area which was covered by the Si

Outside
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the material on the pillar is diamond, with a high percentage of sp?
carbon [33-35]. The flat NCD film grown freely outside the membrane
shows relatively lower sp® carbon content, as seen from the less intense
G-band and virtually absent D-band. The observed difference is due to
the change in local growth environment around the template pores,
which, on the one hand, partially inhibit the growth species (atomic
hydrogen and C,H, radicals) from reaching the diamond surface, thus
decreasing the local growth rate, and, on the other hand, likely serve as
a local source of carbon from deposits on the membrane. The overall
effect on the composition is comparable to growing NCD with higher
[CH4]1/[H>] ratio. In addition to the overall shape, the Raman spectrum
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Diamond
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template. The dark areas at the upper-left
and bottom-right corners match the loca-
tion of the supporting Si pieces used to hold
the membrane in place during the growth
process.

(1) Fully patterned area
(2) Height gradient area
(3) Flat area

on the pillar also shows the presence of peaks related to trans-poly-
acetylene, which are common signatures in nanocrystalline diamond
[35,36]. The silicon peak at 520.7 cm ! arises from the underlying Si
substrate. Overall, the SEM and Raman results show that the NCD
material grew homogeneously and conformally into the pores.

Fig. 5 illustrates the development of the NCD micropillars through
the template pores as a function of time, but also as a function of the
gap between the Si template and the NCD substrate. The left column
(zero gap) corresponds to the fully patterned growth zone where the
micropillars started to grow immediately from the beginning of the
CVD growth process, which is the situation shown in Fig. 4(a—c),

Fig. 5. Illustration of how the NCD micropillars develop
during growth through the template pores as a function of
growth time (vertical direction) and the gap between the pre-
grown flat NCD layer and the Si template (horizontal direc-
tion). The zero-gap column on the left (shaded grey back-
ground) corresponds to the samples shown in Fig. 4(a—c), with
t; =3h, t, =6h and t3 = 9h. The t, line shows how the
pillar height decreases with increasing template gap on the
6 h sample.
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respectively for t; = 3h, t = 6h and t3 = 9h. Fig. 5 also shows SEM
images of the 6 h sample as a function of template gap in the t, row. As
the template gap increases due to buckling, because the Si membrane is
very thin (~17 pm), the additional time it takes for the underlying NCD
layer to reach the base of the template before NCD pillars can develop
through the pores, leads to smaller pillar height. In the extreme case
where the gap is too large for duration of the NCD growth process, the
diamond remains flat in that zone. The resulting optical effect of such
variations on the NCD micropillar formation is shown in Fig. 4(e) for
the 9 h sample, as described earlier.

3.3. COC replica

After growth for 6 h, the diamond micropillar master mould was
coated with a FDDTS anti-stiction layer, and then hot-embossed into
COC (negative replica). After cooling down to near room temperature,
the replica was mechanically detached from the diamond master mould
and used as a mould for replication onto PDMS (positive replica), in
order to reproduce the shape of the diamond micropillars from the COC
replica. The three samples (i.e., the diamond master mould and the two
polymer replicas) were analysed by 3D optical profilometry, as shown
in Fig. 6(a-c). SEM images of the COC and PDMS replicas are shown in
Fig. 7(a,b), respectively. It can be seen in Fig. 6(a—c) that the diamond
micropillars resulted homogeneous in both lateral and vertical dimen-
sions, whereas the COC replica resulted in a somewhat less regular
pattern, with slight distortion of the hole perimeter. Extra irregularities
on the top surface can also be seen. On the other hand, the PDMS re-
plica shows pillars matching the original diamond master mould very
closely in both lateral and vertical dimensions. Vertical and horizontal
line profiles of the three areas (taken along the indicated dashed lines)
are compared in Fig. 6(d). They show a clear match between the pillars
and the holes, and a full imprint into the ~2 pum inter-pillar depth. A
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statistical distribution obtained from particle analysis of the three top-
view images is given in Fig. 6(e). The results are summarised in Table 1.
The area corresponds to either the top surface of the pillars or the
bottom surface of the holes.

The statistical analysis of the optical profilometry images shows a
mismatch between the area of the top of the pillars of the diamond
master mould and that of the bottom of the holes in the COC negative
replica, with the holes in the COC ~24% smaller than the pillars on the
mould, and with ~2.2% smaller nearest neighbour distance.
Considering that the COC cooled down from 170 °C (above its glass
transition temperature) to 25 °C, and taking into account its thermal
expansion coefficient, ecoc = 0.6 x 10"*K ™!, the expected contrac-
tion purely due to thermal expansion is only 0.90%. Thus, although this
may have contributed to the observed 2.2% shrinkage in length,
thermal shrinkage alone cannot explain the relatively smaller size of the
holes. The statistical analysis shows, however, a very good match be-
tween the PDMS positive replica and the diamond master mould, with
matching dimensions between pillars and holes, and retained average
nearest neighbour distance from the COC. This suggests that the area of
the COC holes measured by optical profilometry was underestimated,
mostly likely due to optical artefacts at the edges of the structures from
the limited lateral resolution of the setup. This is confirmed by the SEM
image of the COC, shown in Fig. 7(a), where the hole dimensions match
those of the original mould. Thus, overall, the replication of the dia-
mond master mould onto COC was successful.

3.4. PDMS replica

After growth for 6 h, a diamond micropillar master mould was re-
plicated onto PDMS as illustrated in Fig. 2, resulting in an imprinted
structure similar to the COC replica discussed above, as shown in
Fig. 8(a,b). Fig. 8(c) compares the line profiles of the two samples in

(a) Diamond mould (positive) @ © ©

HEIGHT (um)

Il Diamond mould (positive)
[_1 cOC replica (negative)

4
34[__| PDMS replica (positive)
2

Fig. 6. (a—c) 3D optical profilometry image of (a) the 6h
diamond master mould, (b) the COC replica, and (c) the PDMS
replica of the COC replica. (d) Comparison of the vertical and
horizontal line profiles, taken from (a), (b) and (c) as in-
dicated by the white dashed lines. (e) Histogram (n = 33) of
the area of the top of pillars from (a,c) and of the bottom of
the holes from (b).

(d)

Vertical

. .
(b) coc repllca (negat|ve)1~o e €
Q.

HEIGHT (um)

;EQ‘O’WDQO
DDOO<
DRORORON
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DQ\JD
DOODDOC\

0.0

COC replica (negative)
PDMS replica (positive)

24
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LENGTH (um)
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Fig. 7. Tilted (30°) SEM micrographs of (a) the COC negative

replica shown in Fig. 6(b), (b) the PDMS positive replica (see
- u E») u u ﬁ Fig. 6(c)) of the COC replica shown in (a), (c,d) PDMS ne-
gative replicas of the diamond master moulds grown for (c)
6h and (d) 9h, respectively. The yellow outlines in (c) and
(d) are a guide for the eye to highlight the difference in pore
depth between the two samples. (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article.)

(a) COC negative replica (6h mould) ; (b) PDMS positive replica (6h mould)
e - TR

Table 1

Summary of the statistical analysis of the 3D optical profilometry images shown in Fig. 6. The given numbers are average values + standard deviation (0).
Sample Area + o (um?) Square length + o (um) Nearest neighbour distance = o (um)
Diamond master mould, 6 h 5.00 = 0.14 2.24 + 0.03 4.11 = 0.02
COC (negative) replica 3.81 + 0.33 1.95 + 0.03 4.02 = 0.06
PDMS (positive) replica 4.99 = 0.22 2.23 = 0.05 4.02 = 0.04

both vertical and horizontal directions, as indicated by the dashed lines replication of the mould onto the PDMS, with similar height/depth and

in Fig. 8(a,b). Fig. 8(d) shows histograms of the areas of both the pillars lateral dimensions between the pillars and the holes. Nearest neighbour
and the holes, derived from statistical analysis of the 3D optical profi- analysis resulted in ~1% contraction of the PDMS replica, relative to
lometry images. The results are given in Table 2, and show full the diamond mould, which explains the minor offset seen between the

250 ym  Fig. 8. (a,b) 3D optical profilometry image of (a)
the 6 h diamond mould and of (b) its PDMS re-
plica. (c) Comparison of the vertical and hor-
izontal line profiles, taken from (a) and (b) as
indicated by the white dashed lines. (d)
1.50 Histogram (n = 25) of the area of the top of pil-
lars from (a) and of the bottom of the imprinted
holes from (b).
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1.00
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Table 2

Diamond & Related Materials 95 (2019) 20-27

Summary of the statistical analysis of the 3D optical profilometry images shown in Fig. 8. The given numbers are average values + standard deviation (0).

Sample Area * o (um?)
Diamond mould, 6 h 4.26 = 0.29
PDMS (negative) replica 4.16 = 0.14

Square length + o (um) Nearest neighbour distance = o (um)
2.06 = 0.07 4.08 + 0.04
2.04 = 0.03 4.04 = 0.02

line scans shown in Fig. 8(c). The SEM image of the PDMS replica in
Fig. 7(c) resembles that of the original Si template (Fig. 3(a)) with its
distinct trapezoidal profile until the bottleneck, albeit smoothed. The
results show that, like for COC, the diamond mould was fully replicated
into the PDMS, with the resulting holes displaying matching depth to
the pillar height.

For comparison, the 9 h diamond micropillar master mould shown
in Fig. 4(c) was also replicated onto PDMS, resulting in the structure
shown in Fig. 7(d). It can be seen that the replica is very similar to the
replica of the 6h mould (Fig. 7(c)), but with deeper holes, as high-
lighted by the yellow outlines. The compliance of the PDMS made its
release from the 9 h mould possible, despite the bottleneck shape of the
micropillars. Such approach was not feasible with COC, as a result of
the higher stiffness of the copolymer material.

In summary, the results show that bottom-up fabrication of NCD
micropillars can be achieved with the use of commercial porous Si
membranes as growth templates, with potential use as biomimetic de-
vices, enhanced electrodes, or moulds for imprint lithography. The
latter was demonstrated above, with the successful application of the
NCD micropillars for imprint lithography onto COC and PDMS.

4. Conclusion

In this work, we demonstrated the bottom-up growth of nanocrys-
talline diamond micropillars by chemical vapour deposition using a
microporous Si template mask. Conformal NCD pillars were grown in-
side the ~2.2 um square pores up to a height of ~4.7 um for 9 h growth.
The NCD micro-pillars grown for 6 h (~2 pm in height) were applied as
moulds for imprint lithography on COC (hard polymer) and PDMS (soft
polymer), resulting in full mould replication in both cases. Replication
of taller pillars into COC was limited due to mechanical interlocking
caused by the bottleneck shape of the pillars, which was inherited from
the commercial Si membrane. For smaller pillars, replication onto COC
was only possible with the addition of a fluorine-based anti-stiction
layer, whereas for replication onto PDMS no additional surface treat-
ment was necessary. The presented template-assisted method for the
growth of NCD microstructures may find important applications in
diamond-based biomimetic and photonic devices, enhanced (bio)elec-
trodes, as well as moulds for imprint lithography.
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